Abstract: Quantum wells and barriers with precise thicknesses and abrupt composition changes at their interfaces are critical for obtaining the desired emission wavelength from quantum cascade laser devices. High-resolution X-ray diffraction and transmission electron microscopy are commonly used to calibrate and characterize the layers' thicknesses and compositions. A complementary technique, atom probe tomography, was employed here to obtain a direct measurement of the 3-dimensional spatially-resolved compositional profile in two In x Ga 1−x As/In y Al 1−y As III-V strained-layer superlattice structures, both grown at 605 • C. Fitting the measured composition profiles to solutions to Fick's Second Law yielded an average interdiffusion coefficient of 3.5 × 10 −23 m 2 s −1 at 605 • C. The extent of interdiffusion into each layer determined for these specific superlattices was 0.55 nm on average. The results suggest that quaternary active layers will form, rather than the intended ternary compounds, in structures with thicknesses and growth protocols that are typically designed for quantum cascade laser devices.
Introduction
Quantum cascade laser (QCL) devices employ conduction band engineering to obtain a desired emission wavelength. Typically, they contain active regions consisting of 30-40 repetitions of a complex motif composed of quantum wells and barriers of various compositions and thicknesses in the range of 1-5 nm each [1] . A desirable feature of QCLs, being intersubband transition devices, is the tunability of the emission wavelength through the design of the thickness and composition of each layer within a chosen material system. However, these structures are sensitive to small deviations from the designed thicknesses and compositions, which can alter the emission wavelength through changes in the electron wavefunctions in the conduction band [2] . Moreover, for strain-compensated superlattices (SLs), minor thickness variations can lead to an imbalance in the overall strain-thickness product, which may result in strain relaxation in the several-microns-thick active region.
Simulations of experimental X-ray data are typically used to calibrate the growth process, and to assess the integrity of the final device structure. These simulations can provide an accurate measurement of the periodicity of the SL and the composition of the motif averaged over its volume. However, they provide rather little insight into the composition profile within the motif, which is critical to device performance, as the same high-resolution X-ray diffraction (HRXRD) data typically can be fit with the same accuracy with several composition profiles that have the same periodicity and average composition as the sample [3] .
Transmission electron microscopy (TEM) provides details of the atomic structures of the layers and interfaces, most readily in 2D projections [4] . Near-atomic-resolution compositional mapping in three dimensions is more challenging in TEM. These shortcomings in the analysis of QCL structures are addressed in this study by utilizing atom probe tomography (APT) as a complementary technique to assess InGaAs/InAlAs strained-bilayer SL structures grown by organometallic vapor phase epitaxy (OMVPE). Profiles of the In, Al, and Ga concentrations in the growth direction elucidate the compositional sharpness of the interfaces in two strained-layer SLs. Prior studies of this type on a nominally lattice-matched SL explained the red-shifted emission wavelength for QCLs on InP [2] .
Materials and Methods
In 1−x Ga x As/In 1−y Al y As strained SL samples with the target characteristics illustrated in Figure 1 were grown on (001)-oriented InP substrates. The sample designs included a thick (43.5 nm) motif SL composed of five repetitions of In 0.37 Al 0.63 As (20.1 nm)/In 0.67 Ga 0.33 As (23.4 nm) with 1% tensile/compressive strain relative to the InP substrate, nominally and respectively, and a thin (4.1 nm)-motif SL composed of 124 repetitions of In 0.44 Al 0.56 As (1.9 nm)/In 0.6 Ga 0.4 As (2.2 nm) nominally strained +0.56%/−0.47% relative to the substrate, respectively.
However, they provide rather little insight into the composition profile within the motif, which is critical to device performance, as the same high-resolution X-ray diffraction (HRXRD) data typically can be fit with the same accuracy with several composition profiles that have the same periodicity and average composition as the sample [3] . Transmission electron microscopy (TEM) provides details of the atomic structures of the layers and interfaces, most readily in 2D projections [4] . Near-atomic-resolution compositional mapping in three dimensions is more challenging in TEM. These shortcomings in the analysis of QCL structures are addressed in this study by utilizing atom probe tomography (APT) as a complementary technique to assess InGaAs/InAlAs strained-bilayer SL structures grown by organometallic vapor phase epitaxy (OMVPE). Profiles of the In, Al, and Ga concentrations in the growth direction elucidate the compositional sharpness of the interfaces in two strained-layer SLs. Prior studies of this type on a nominally lattice-matched SL explained the red-shifted emission wavelength for QCLs on InP [2] .
In1−xGaxAs/In1−yAlyAs strained SL samples with the target characteristics illustrated in Figure 1 were grown on (001)-oriented InP substrates. The sample designs included a thick (43.5 nm) motif SL composed of five repetitions of In0.37Al0.63As (20.1 nm)/In0.67Ga0.33As (23.4 nm) with 1% tensile/compressive strain relative to the InP substrate, nominally and respectively, and a thin (4.1 nm)-motif SL composed of 124 repetitions of In0.44Al0.56As (1.9 nm)/In0.6Ga0.4As (2.2 nm) nominally strained +0.56%/−0.47% relative to the substrate, respectively. Both SL samples were grown in a close-coupled showerhead reactor at a reactor pressure of 100 Torr and at a temperature of 605 °C, with a wafer rotation of 100 rpm. The growth rates and V:III precursor ratios are listed in Table 1 . The interruption time for switching between the SL layers was 5 s. Trimethylgallium, trimethylindium, trimethylaluminum, arsine, and phosphine comprised the precursors. Both SL samples were grown in a close-coupled showerhead reactor at a reactor pressure of 100 Torr and at a temperature of 605 • C, with a wafer rotation of 100 rpm. The growth rates and V:III precursor ratios are listed in Table 1 . The interruption time for switching between the SL layers was 5 s. Trimethylgallium, trimethylindium, trimethylaluminum, arsine, and phosphine comprised the precursors. Taking into account the total volume upstream of the susceptor and the total precursor fluxes, which are dominated by the hydrogen carrier gas, the calculated precursor residence time was about 0.4 s, well below the interruption time of 5 s. These growth procedures resulted in the first-to-be-grown layers of the thick-motif SL being annealed at 605 • C for approximately 1900 s (about 32 min), and in the thin-motif SL for 5700 s (about 95 min).
The structural and microstructural characteristics of these two SLs were investigated using HRXRD and APT. ω-2θ X-ray diffraction patterns about the (004) diffracted beam were obtained at a step size of 0.002 • using a PANalytical X'pert materials research diffractometer (MRD) equipped with as Ge (220) monochromator on the source side. The atom probe data were obtained using a LEAP 3000X Si local electrode atom probe. Needle-shaped atom probe specimens were prepared using conventional focused-ion-beam (FIB) lift-out and sharpening methods [5] . A 30 kV Ga+ beam was used for cutting, mounting, and initial shaping of the specimens; a 2 kV, 100 pA Ga+ beam was used for final sharpening. The long axis of the specimens was approximately parallel to the [001] growth direction of the SL and the z-axis of atom probe tomographs.
Atom probe data were obtained in the pulsed-laser mode at a laser pulse rate of 400 kHz, an ion detection rate of 0.5%, and with the specimen holder cooled to 54 K. The laser pulse energy was 8 pJ for the thick-motif SL specimen, and 13 pJ for the thin-motif specimen for which results are presented below. Field evaporation commenced at a direct current (DC) voltage of~2600 V for both of these specimens. The voltage increased to~3200 V before the each of the specimens fractured. CAMECA's IVAS ™ [6] software suite was used to produce and to interrogate the reconstructions. Data were obtained from the bottom 1.5 bilayers and the substrate of the thick-motif SL, and~70 repetitions of the thin-motif SL. Because a voltage drop was associated with crossing the interface between the (InAl)As/(InGa)As SL and the InP substrate, shank-angle evolution was used to calibrate the reconstructions. The initial specimen tip radii and shank angles were determined from secondary-electron SEM images of the specimens, prior to running them in the atom probe. The resolution of the APT data in the growth direction is expected to be better than that in the lateral direction [7] . The resolution in the growth direction could approach 0.2 nm in this analysis. The motif thicknesses in the reconstruction were within 10% of the periodicity deduced from the HRXRD diffraction pattern of each sample. Thus, the atom probe data might underestimate the diffusion distance that is determined below by at most 10%. The atom number density obtained in the reconstruction matched that determined for unstrained materials, assuming that Vegard's law holds, to within 15%. These comparisons were used to validate the reconstruction parameters. Atom probe data were obtained from interior sections of the thin-motif SL only, but shank-angle evolution was nevertheless employed for consistency. Figure 2 presents the HRXRD pattern measured from the thick-motif SL and two simulated patterns. The experimental pattern shows the sharp oscillations indicative of a highly periodic structure in the [001] (growth) direction, implying that the composition profile is repeated exactly in each bilayer motif, and that the interfaces between the component materials are planar. The shoulder at the lower side of the central InP substrate peak is due to an average residual, 0.093% compressive strain in the superlattice, which is not seen in the simulation for the targeted strain compensated superlattice. The simulations indicate a total motif thickness of 43.5 nm.
Results
In0.52Al0.315Ga0.165As, and keeps the periodicity of the motif constant. The figure demonstrates that the distance over which the composition change occurs, and therefore the interface thickness, cannot be deduced from this X-ray diffraction experiment, due to the subtlety of the changes that the different composition profiles induce in the simulated pattern. However, the thickness of the bilayer motif and its average composition can be determined from the HRXRD pattern, and has served as inputs into the calibration of the atom probe data reconstruction. The atom maps constructed from the atom probe data are shown in Figure 3 . The layer compositions were deduced by fixing the As concentration at 50 at.%, are In0.39Al0.61As/In0.69Ga0.31As, which were close to the values obtained from HRXRD (Table 2) . Confidence in the magnification calibration of the atom probe reconstruction in the growth direction, that is, perpendicular to the interfaces, was of particular importance. The reconstruction parameters were tuned such that the layers in the reconstruction were planar and the period of the SL was within 10% deviation from the value deduced by HRXRD. A ±1% uncertainty was observed in the HRXRD fit for this SL. For the computed X-ray diffraction patterns shown in Figure 2 , both assume the same total thickness of the superlattice motif and the same average composition within the motif. The simulations differ in how the component elements are distributed within the motif. The red curve simulates the diffraction pattern from a superlatttice motif, with step function changes in concentrations of the component elements at discrete interfaces between the sublayer, each of which has a uniform but different chemical composition. The black curve simulates the interfaces (simulation 2) as additional layers of thickness 1 nm with an intermediate composition, In 0.52 Al 0.315 Ga 0.165 As, and keeps the periodicity of the motif constant. The figure demonstrates that the distance over which the composition change occurs, and therefore the interface thickness, cannot be deduced from this X-ray diffraction experiment, due to the subtlety of the changes that the different composition profiles induce in the simulated pattern. However, the thickness of the bilayer motif and its average composition can be determined from the HRXRD pattern, and has served as inputs into the calibration of the atom probe data reconstruction.
The atom maps constructed from the atom probe data are shown in Figure 3 . The layer compositions were deduced by fixing the As concentration at 50 at.%, are In 0.39 Al 0.61 As/In 0.69 Ga 0.31 As, which were close to the values obtained from HRXRD (Table 2) . Confidence in the magnification calibration of the atom probe reconstruction in the growth direction, that is, perpendicular to the interfaces, was of particular importance. The reconstruction parameters were tuned such that the layers in the reconstruction were planar and the period of the SL was within 10% deviation from the value deduced by HRXRD. A ±1% uncertainty was observed in the HRXRD fit for this SL.
compositions Concentration profiles along the growth direction and perpendicular to the interfaces were deduced from the atom probe reconstructions, in order to measure the compositional width of the interfaces. A cylindrical volume-shaped subset of the reconstruction (a "region of interest") centered approximately along the long axis of the specimen was extracted for this analysis, in order to exclude possible surface-related artifacts and distortions. An iso-concentration surface located approximately at one of the interfaces was chosen as the zero for these profiles. The compositions of sequential 0.2 nm thick discs of radius 9 nm lying parallel to the iso-concentration surface were determined from the reconstruction to generate the concentration profile (a "proxigram"). Extracting the concentration profile in this way should minimize any artificial broadening of the interface due to steps or other local morphological features with sizes greater than 0.5 nm. Growth steps up to 0.5 nm (or equivalently one unit cell) would be averaged in this method. Figure 4a shows proxigrams for the relative concentrations of the group III elements for the thick-motif SL. The III:V ratios deduced from the atom probe data were of the order (53:47), rather than 1:1. This deviation from the known stoichiometry of III-V compounds is commonly observed in atom probe reconstructions of arsenides and phosphides, and is believed to arise from the propensity for As and P to field evaporate as poly-atomic ions [5] . Because compound semiconductors are essentially line compounds with a III:V ratio of 1:1, the As concentration was assumed to be equal to 50 at.% throughout both superlattices, and the sum of the group III concentrations was set to 100%, to be consistent with the chemical formula as typically written, throughout the profiles shown in Figures 4 and 5. propensity for As and P to field evaporate as poly-atomic ions [5] . Because compound semiconductors are essentially line compounds with a III:V ratio of 1:1, the As concentration was assumed to be equal to 50 at.% throughout both superlattices, and the sum of the group III concentrations was set to 100%, to be consistent with the chemical formula as typically written, throughout the profiles shown in Figure 4 and 5. 
Discussion

Extent of Interfacial Mixing in the Thick-Motif Sample
To assess the extent of intermixing at the interfaces between component materials, and to extract a measure of the compositional width of the interfaces, solutions to Fick's second law were fit to the measured concentration profiles. For both the thick-motif and the thin-motif SLs, the interdiffusion coefficient, D, was assumed to be independent of composition. In the case of the thick-motif sample, mass spectra corresponding to the central volume of the (InAl)As showed no peaks corresponding to Ga; in parallel, mass spectra from the central volume of the InGaAs layers showed no intensity at the Al ion positions. Therefore, the one-dimensional solution to Fick's second law for a diffusion couple composed of two semi-infinite solids was fit to the Al concentration profile to extract a diffusion distance, the diffusivity, and a measure of the interface thickness. Specifically, the profile data CAl(x) were fit to the following function [8] :
where C0 is the initial concentration of the diffusing species in one solid, Al in the InAlAs barriers, D is the interdiffusion coefficient at 605 °C (and the fitting parameter), and t is the time at that temperature. For the semi-infinite solution to Fick's second law, x = 2√ , often referred to as the "diffusion distance" is the distance from the yet-to-diffuse step-function interface to the plane at which the concentration of Al in the nominal (InGa)As layer is 8% of the concentration of Al in In0.38Al0.62As, specifically 5 at. % of the atoms on the Group III site.
The fit obtained at the InGaAs-InAlAs interface is shown in Figure 4b , and it yielded a diffusion 
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Extent of Interfacial Mixing in the Thick-Motif Sample
To assess the extent of intermixing at the interfaces between component materials, and to extract a measure of the compositional width of the interfaces, solutions to Fick's second law were fit to the measured concentration profiles. For both the thick-motif and the thin-motif SLs, the interdiffusion coefficient, D, was assumed to be independent of composition. In the case of the thick-motif sample, mass spectra corresponding to the central volume of the (InAl)As showed no peaks corresponding to Ga; in parallel, mass spectra from the central volume of the InGaAs layers showed no intensity at the Al ion positions. Therefore, the one-dimensional solution to Fick's second law for a diffusion couple composed of two semi-infinite solids was fit to the Al concentration profile to extract a diffusion distance, the diffusivity, and a measure of the interface thickness. Specifically, the profile data C Al (x) were fit to the following function [8] :
where C 0 is the initial concentration of the diffusing species in one solid, Al in the InAlAs barriers, D is the interdiffusion coefficient at 605 • C (and the fitting parameter), and t is the time at that temperature. For the semi-infinite solution to Fick's second law, x = 2 √ Dt, often referred to as the "diffusion distance" is the distance from the yet-to-diffuse step-function interface to the plane at which the concentration of Al in the nominal (InGa)As layer is 8% of the concentration of Al in In 0.38 Al 0.62 As, specifically 5 at. % of the atoms on the Group III site.
The fit obtained at the InGaAs-InAlAs interface is shown in Figure 4b , and it yielded a diffusion length of 0.51 ± 0.02 nm at the 95% confidence interval. Noting that this interface is close to the substrate, therefore equating the time at the temperature to the approximate length of the growth run, t = 1900 s, an interdiffusion coefficient of D = 4.1 × 10 −23 m 2 s −1 at 605 • C is estimated. Diffusion lengths considering Al and Ga concentration profiles and looking at both interfaces probed, were deduced by the same fitting technique, as summarized in Table 3 . 
Extent of Interfacial Mixing in the Thin-Motif Sample
The individual layers in the thin-motif SL are about one-tenth the thicknesses of those in the thick-motif SL, and more importantly, closer to the typical thicknesses of the layers that comprise QCL designs. Figure 5 presents proxigram concentration profiles for the group III elements obtained from this sample. The concentration profiles immediately suggest that there is intermixing throughout the SL structure to produce quaternary alloy layers with compositions that vary continuously in the growth direction. None of the component layers appeared to be ternary, as they were intended to be.
Specifically, the concentration profiles suggest that the (InGa)As wells contained a minimum of 11 at. % Al on the group III site, and the (InAl)As barriers contain at least 4 at. % Ga on the group III site. The presence of the fourth element in the intended ternary layers of the SL was confirmed by examining the mass spectrum from a thin slice of "material" from the center of the ternary layers, and finding significant peaks from the fourth element. Pantzas et al. have reported similar concentration profiles for a QCL that is lattice-matched to InP, based on the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image [9] .
The semi-infinite solution to Fick's second law used above does not apply to the thin-motif SL profile because the adjacent diffusion fields overlap. To model the intermixing as a result of diffusional processes in this SL, a solution to Fick's second law that describes one-dimensional diffusion of a component from an initial slab of material of fixed width, 2h, and uniform concentration, C 0 was used, specifically [8] :
The concentrations at positions x, which would result from the summed diffusion from series of three such slabs of initial composition In 0.505 Al 0.495 As and thickness 2.4 nm spaced on 3.7 nm centers were fit to the Al concentration profile, and they are shown in Figure 5b . The SL period in the APT reconstruction is~10% smaller than that deduced from the HRXRD, given that a ±2.5% uncertainty is observed in the HRXRD fit for this SL.
The resulting 2 √ Dt diffusion distance was 0.56 ± 0.01 nm for the best fit at the 95% confidence interval. Assuming that the profile was obtained from approximately the middle of the SL-and it is only known that it was not from the bottom-a time at a temperature of 2800 s (half the total growth time) was applied, yielding an interdiffusion coefficient of 3.4 × 10 −23 m 2 s −1 . This was calculated accounting for the 10% thicker SL period (as observed by HRXRD), and is in good agreement with that deduced for the thick-motif sample
The observed compositional grading at the interface could either result from; (a) surface segregation at the growth front during the layer growth or growth pause between SL layers [10, 11] , and/or (b) solid-state diffusion during the growth of subsequent layers, due to continued annealing as the structure is grown. Based on the growth rates in Table 1 , the growth of 40 stages within a typical QCL active region takes~6.42 hr (including the 5 s pause time in between each layer) [12] . Using the diffusivity determined for the thin-motif SL results in a 2 √ Dt diffusion distance of 1.8 nm for the first layer within the first stage of the active region, while the first layer in the 40th stage would exhibit a 2 √ Dt diffusion distance of 0.3 nm if diffusion were responsible for the intermixing. This rather large discrepancy in interfacial grading between the first and the last stage of a QCL would be expected to have a significant impact on device performance, since the QCL designs are quite sensitive to SL layer thickness and composition.
However, according to the estimated diffusivity versus temperature profile for an InGaAs/InAlAs heterostructure grown by MBE and having undergone lamp annealing [13] , D is projected to be in the 10 −22 m 2 s −1 range, which in turn indicates that solid state diffusion cannot be ruled out as a possible mechanism for observed composition profiles. From HRTEM analysis on similar QCL structures, the differences in layer thicknesses from the first to the last stage are seen to be within the measurement error. Additional APT experiments are required to analyze the interfaces in the first and the last stages of a QCL, to ascertain which mechanism or combination of mechanisms result in the observed composition gradients. Figure 5 suggests some degree of asymmetry in the interfacial composition profile, which is not accounted for in the fitting. The veracity of the asymmetry could be tested by running the atom probe experiments from the substrate down, in the opposite direction to that used in this study, but such experiments have not yet been achieved. Asymmetric graded interfaces (2.5-4.5 nm in width) have also been observed for lattice-matched InAlAs/InGaAs SL structures grown by OMVPE [2] , and for InGaAsP multiple quantum well (MQW) structures where Ga and As are diffused asymmetrically into the lower and upper InP buffer layers [14] , as well as for InGaN/GaN quantum wells where the upper InGaN/GaN interface is found to be 1.3 nm wide and the lower interface is 0.6 nm wide, in that study [15] . Lattice-matched InAlAs/InGaAs QCL active regions grown by molecular beam epitaxy (MBE) also exhibit four monolayers of compositional grading in the interfaces [10] . Indium segregation was not indicated at any interfaces in either of the SLs studied here, unlike what was reported in Ref [2] .
Conclusions
Two In x Al 1−x As/In y Ga 1−y As SL structures with different compositions, layer thicknesses, and strains grown on InP substrates were analyzed by APT. Fitting the compositional profile to solutions to Fick's second law of diffusion provided an estimate for the diffusion length in the range of 0.54-0.56 nm. The interdiffusion coefficient for both structures is in the range of 3-4 × 10 −23 m 2 s −1 , which is within acceptable agreement with that reported for similar materials. The observed intermixing could be due to surface segregation or bulk phase diffusion, or a combination. When the SL layers' thicknesses are on the order of a typical QCL structure, the intended ternary layers are found to be quaternary alloys. Future work will include APT of the QCL, the implementation of designs for the same accounting for the interface grading, and study of the effects of growth parameters on the intermixing.
